Astaxanthin (AXT) is a reference model of xanthophyll carotenoids, which is used in medicine and food industry, and has potential applications in nanotechnology. Because of its importance, there is a great interest in understanding its molecular properties and aggregation mechanism in water and mixed solvents. In this paper, we report a novel model of AXT for molecular dynamics simulation. The model is used to estimate different properties of the molecule in pure solutions and in water/ethanol mixtures.
Introduction
Astaxanthin (AXT), (3R,3R')-dihydroxy-β-carotene-4,4'-dione, is a xanthophyll carotenoid, which is commonly found in aquatic animals, such as the Antarctic krill (Euphausia superba). 1 In the exoskeleton of lobsters, AXT is associated with the protein crustacyanin that produces the typical blue colour of the animal. AXT is also present in large quantities in single green microalgal cell (Haematococcus pluvialis) dissolved in oil droplets as shown by the recent x-ray micro-tomographic of these droplets in the cells. 2 The molecular structure of AXT consists of a polyene chain terminated with two symmetrically functionalized cyclohexen groups (see Fig. 1 ). Similar to other carotenoids, AXT is also a powerful antioxidant, which acts as a free-radical scavenger and an immuno-modulator.
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These properties have beneficial healing effects against degenerative diseases related to oxidative stress/damage, neurodegenerative diseases and cancers. [4] [5] [6] with functional properties. Their photophysical properties and functionality are influenced by the surrounding environment. In particular, their photophysical properties change dramatically with the environment due to the formation of different types of aggregates. 7, 8 As many other carotenoids and chlorophylls, [9] [10] [11] AXT also forms aggregates when dissolved in hydrated polar solvents. 8, 12 The water concentration in these mixtures influences the morphology of the aggregates, and, consequently, their properties. In particular, spectroscopic analysis have shown that their absorption spectra can be blue shifted as well as red shifted compared to that of the isolated monomers depending on the aggregation conditions. 7, 8, [12] [13] [14] The blue shift is attributed to the formation of H-aggregates and the red shift is attributed to the formation of J-aggregates. The H-aggregates formed by these molecules when deposited on surfaces or arranged at interfaces, hold promise as photoactive species in dye-sensitized solar cells. 15 However, due to the lack of suitable experimental methods, the aggregation mechanism as well as the effect of the environment on the three-dimensional structure of both types of aggregates is not yet fully understood. 16 Theoretical approaches, such as molecular dynamics (MD) simulations, can provide accurate atomistic details on their structural and dynamical properties in solution. Still, to the best of our knowledge, there is a paucity of MD simulation studies on this molecule from the literature. In order to advance the understanding of the structural and dynamic properties of AXT in solution, in this paper we will present a new accurate model of AXT for MD simulations based on the OPLS force field. 17 The model was tested for transport properties of the single AXT molecule in pure water and ethanol, and for the aggregation properties in different ethanol/water solutions.
In this paper, we have focused on the qualitative analysis of aggregation dynamics and on morphology of aggregates at different ethanol/water mixtures concentra-tions. These properties and the aggregation mechanism have been discussed and compared with the available experimental data.
Material and Methods
Force field parameters. The starting structure of the molecule without hydrogen atoms were obtained from the protein data bank (www.pdb.org, PDB code:
. This is an all-trans structure with the two asymmetric carbon atoms in R configuration. After adding hydrogen atoms, the structure was optimised in vacuum using Density Functional Theory method with the B3LYP functional and the 6-31G** basis set. The Gaussian 09 program 20 was used for the calculations.
The optimised atomic coordinates of the molecule (showed in Fig.1 ) are reported in Table S1 of the SI. The CHELPG procedure 21 was used to calculate the partial charges on the atoms of the optimised structure by fitting the electrostatic potential generated by the electron density. The fitting procedure was constrained to reproduce the calculated dipole moment of the molecule. The QM calculated partial charges were further adjusted by averaging the values of symmetry related atoms (see Table 3S in SI).
The geometric reference parameters for the bonded interactions were taken from the QM optimised structure whereas their force constants were adapted from the OPLS force field library. were calculated using the PME method 32 of the 4 th order with the Fourier spacing of 0.12 nm and dielectric permittivity r = 1. The short-range cutoff for the neighbor list was set to 1.4 nm. All atoms were given an initial velocity obtained from a Maxwell-Bolztmann distribution at 300 K. An integration time step of 2 fs was used. All the systems were equilibrated for 500 ps to bring them to a constant density. After the equilibration, production runs of 200 ns, for the single AXT in pure solvents, and 50 ns, for 10 AXT in the mixtures, were performed. Translational and rotational coefficients. The translational self-diffusion coefficient (D T ) of AXT was calculated from the mean square displacement of the center of mass of the molecules using the Einstein relation. 33 To account for the differences between the transport properties of the solvent model with the experimental values, dynamics viscosities for both water and ethanol models were calculated using the non-equilibrium method developed by Hess, et al.
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Following this method, an external shear stress acceleration field was applied to the system in order to induce a velocity gradient with the same shape as the external acceleration field. The dynamic viscosity (η) was derived from the resulting velocity using the same procedure described elsewhere.
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Finally, the viscosity corrected self-diffusion coefficients (D T c ) were calculated from the Stokes-Einstein equation 36 as follows:
where η m and η exp are the model and experimental solvent viscosity.
The values of rotational relaxation time constants (τ ) were estimated using the autocorrelation function of the unit vector n connecting the two carbon atoms at the beginning and the end of the polyene chain:
where the subscript 2 indicates that the correlation is calculated using the second order Legendre polynomial P 2 and the brackets indicate the average along the trajectory. 33 The value of the rotational relaxation time constants were estimated by fitting C 2 with a single exponential function. 37 Also in this case, the values were corrected for the viscosity of the solvent as follows :
The D T c and τ c values were compared with those calculated using the program HYDROPRO. Hence, the grid densities have been averaged over the number of analyzed frames.
Finally, The SDF have been inspected and analyzed using the program VMD. The local ethanol concentration (LEC) around the AXT aggregates was obtained from the average cumulative number (N {w,e} ) of water and ethanol molecules around the oxygen atoms of the AXT, calculated in the last 5 ns of the simula-tions, using the formula:
Results and Discussion
Structural organisation of pure solvents around AXT
The average SDFs around the AXT molecule in both water and ethanol simulations is shown on the right side of Fig. 2 . For both the solvents, the regions with higher solvent density are localized in the proximity of the two terminal ring groups where, the presence of hydroxyl substituents, lead to the formation of stabilising hydrogen bond interactions. In the case of ethanol, these stabilising hydrogen bonds interactions cause the observed high densities (in grey) of methyl groups on both sides of the terminal rings (Fig.2b) . In both the solvents, a low density is observed along the hydrophobic polyene chain.
The radial distribution functions (RDF) between oxygens of the AXT and those of two solvents ( Fig. 3 ). Fig. 4 shows a detailed view of the structure of aggregates at the end of the 5%, 25% and 50% ethanol/water mixtures simulations, respectively. In 50%
ethanol (a), AXT molecules form a loose three-dimensional arrangement in which it is possible to identify a dimer, a trimer and several monomers (indicated by the arrows in the Figure) . By decreasing the ethanol concentration (b), the ag- . 43 As expected, the increase of the water concentration in the mixture affect both the number and the morphology of aggregates changing them from disordered and less compact three-dimensional assemblies to a more ordered two dimensional array. Interestingly, in our simulation the 2d array has a slippage of ≥ 40 o , which is the value observed in the crystallographic structure of the molecule ( 4d) crystallised from chloroform/hexane. 44 The geometry of our aggregate also resemble those present in mixtures of water with ≤ 20% of acetone, 45 and, for the analogous carotenoid zeaxanthin, in water with ≤ 20% of ethanol.
46
Although the hydrophobic interactions play major role in the aggregation, the packed arrangements, as the one shown in Fig. 4(c LEC around the oxygen atoms of the AXT molecules in the different mixtures are characterised by ethanol concentrations higher than bulk phase with a maxima at ≈ 0.6 nm followed by a progressive decrease and convergence to the bulk value.
This effect is particularly evident at low ethanol concentrations where LEC can rise 2-3 times higher than the bulk value (see Fig. 5 ). 
Conclusions
We have presented a new molecular dynamics model of AXT based on the OPLS force field. Using the model we have calculated the structural and dynamic properties of AXT in water and ethanol solutions. We have also used the model to perform a preliminary study on the aggregation of AXT molecules in the mixtures of the two solvents. The simulations show that the amount of water present in the mixtures changes the morphology of the aggregates which qualitatively agree with the experimental data For water contents below 50% (v/v), small threedimensional aggregates of dimers/trimers that are either isolated or loosely connected are observed. As the water content increases to 75% (v/v), the aggregates are arranged in a compact cylindrical three-dimensional structure. Finally, at the highest water content (>95%), the molecules tend to form two-dimensional arrays that resemble the crystal structure. However, the three-dimensional aggre-
gates cannot be unambiguously identified as H or J -aggregates. This aspect can be analysed in a future studies on the spectroscopic properties of the aggregates generated by our model. We also observe that although hydrophobic interactions play major role in aggregation, a network of hydrogen bonds between the -OH and =O groups of AXT and water molecules play important role in the directed arrangement of the AXT molecules. Aggregation is not observed in mixtures in which the water content is lower than 50%.
Aggregation of organic molecules in solution, in particular molecules with pharmacological or nutritive properties, is an important research topics. In fact, recent studies have shown that aggregation is quite common phenomena in hydrophobic drugs (as e.g anticancer drugs) , and their aggregation in-vivo can strongly affect their efficacy 18, 19 Therefore, this study contributes to the general understanding of the mechanism of natural product aggregation.
We are currently working to study the aggregation properties of AXT in different solvents and to investigate more quantitatively the kinetics of aggregation and dissolution. As the model is compatible with the OPLS force-field, it can also be used to investigate the interaction of AXT molecules with proteins and the effects of aggregation on its functionality. In particular, it will be interesting to study the association of the AXT with its natural binding protein in the crustacyanin whose crystallographic structures have been recently solved.
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Supporting Information Available
Details of the optimized structure of Astaxanthin, and force field parameters (including details of all the bonded and nonbonded parameters) are available in the Supporting Information.
This material is available free of charge via the Internet at http://pubs.acs.
org/.
